SUMMARY. During development, there are changes in the response of automatic cardiac fibers to a-adrenergic agonists. In neonatal rat ventricle, in vitro phenylephrine (1 X 10~* M) induces an increase in automatic rate from 115 ± 12 (mean ± SEM) to 168 ± 10 beats/min, P < 0.05. In contrast, in adult rat ventricle, the rate decreases from 36 ± 8 to 12 ± 12 beats/min, P < 0.05. At both ages, the response is attenuated by the a^antagonist, prazosin (1 X 10~* M). We used cultures of neonatal rat myocytes to determine whether maturation of innervation contributes to the ontogeny of this response. All non-innervated cultures showed a positive chronotropic response to a-stimulation; phenylephrine (1 X 10"' M) increased the rate from 40 ± 2 to 52 ± 2 beats/min, P < 0.05 1 . In contrast, 60% of the myocytes innervated with sympathetic neurons showed a decrease in rate in response to phenylephrine, from 78 ± 6 to 67 ± 6 beats/min, P < 0.05. The negative chronotropic effect of phenylephrine did not result from the release of acetylcholine or adenosine, or the inhibition of presynaptic norepinephrine release by phenylephrine. Furthermore, exposure to neuronal norepinephrine is not responsible for the alteration in muscle cell responsiveness. In conclusion, we have demonstrated the modulation of the myocardial response to aadrenergic stimulation by the occurrence of innervation in tissue culture. This provides an explanation for the previously identified ontogenetic change in a-adrenergjc effects on intact cardiac fibers from excitation to inhibition. (Circ Res 57: 415-423, 1985) 
SUMMARY. During development, there are changes in the response of automatic cardiac fibers to a-adrenergic agonists. In neonatal rat ventricle, in vitro phenylephrine (1 X 10~* M) induces an increase in automatic rate from 115 ± 12 (mean ± SEM) to 168 ± 10 beats/min, P < 0.05. In contrast, in adult rat ventricle, the rate decreases from 36 ± 8 to 12 ± 12 beats/min, P < 0.05. At both ages, the response is attenuated by the a^antagonist, prazosin (1 X 10~* M). We used cultures of neonatal rat myocytes to determine whether maturation of innervation contributes to the ontogeny of this response. All non-innervated cultures showed a positive chronotropic response to a-stimulation; phenylephrine (1 X 10"' M) increased the rate from 40 ± 2 to 52 ± 2 beats/min, P < 0.05 1 . In contrast, 60% of the myocytes innervated with sympathetic neurons showed a decrease in rate in response to phenylephrine, from 78 ± 6 to 67 ± 6 beats/min, P < 0.05. The negative chronotropic effect of phenylephrine did not result from the release of acetylcholine or adenosine, or the inhibition of presynaptic norepinephrine release by phenylephrine. Furthermore, exposure to neuronal norepinephrine is not responsible for the alteration in muscle cell responsiveness. In conclusion, we have demonstrated the modulation of the myocardial response to aadrenergic stimulation by the occurrence of innervation in tissue culture. This provides an explanation for the previously identified ontogenetic change in a-adrenergjc effects on intact cardiac fibers from excitation to inhibition. (Circ Res 57: 415-423, 1985) THE effect of a-adrenergic stimulation on cardiac automaticity changes during myocardial development. To illustrate, in isolated tissues from the mature canine (Rosen et al., 1977; Posner et al., 1976) and human (Mary-Rabine et al., 1980) heart, aadrenergic stimulation usually induces a decrease in automatic rate. This a-mediated negative chronotropic response is seen in about 75% of adult canine Purkinje fibers, but in only 50% of neonatal canine Purkinje fibers (Rosen et al., 1977) . Furthermore, many early neonatal fibers exhibit an increase in automatic rate in response to a-agonists, which is not seen in the adult (Reder et al., 1984) . This increase is antagonized by phentolamine but not propranolol. A positive chronotropic response to aadrenergic agonists, analogous to that which is observed in intact neonatal cardiac tissue, also has been reported in cultured, non-innervated myocytes from neonatal rats (Karsten et al., 1977; Kupfer et al., 1982; Hermsmeyer et al., 1982) .
We hypothesized that sympathetic innervation might have a role in changing the responsiveness to a-adrenergic stimulation from positive to negative chronotropy. This was based in part on the similar time course for developmental changes in cardiac innervation and in autonomic responsiveness (Pappano, 1977) . It also was based in part on the understanding that the early neonatal heart, which tends to show a positive chronotropic response to a-stimulation, is poorly innervated by cardiac sympathetic nerves (Pappano, 1977; Standen, 1978; Iipp and Rudolph, 1982) , and that the rapid postnatal development of innervation might modulate the change in the chronotropic response (Reder et al., 1984) . In this study, we tested our hypothesis by observing the effects of a-adrenergic agonists on automaticity of neonatal rat myocytes in culture alone and in coculture with sympathetic ganglion cells. To test whether this model was analogous to the in situ heart, we also performed studies on newborn and adult rat ventricle. Our data will demonstrate that the addition of sympathetic neurons to cultured neonatal myocardial cells converts the response to a-agonists from an increase to a decrease in automatiriry, thereby explaining the developmental changes in the effects of a-adrenergic agonists on automaticity which occur in the heart in situ.
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monitored with Teflon-coated bipolar silver wire electrodes connected to an amplifier. The signal was recorded on a strip chart recorder. The tissue was allowed to beat spontaneously in the bath for 20 minutes. Those preparations that attained a regular and stable rhythm within this time were monitored for stability for an additional 20 minutes, and then the experiment was begun. Each preparation was exposed to increasing concentrations of the a-agonist, phenylephrine (1 x 10" 10 M to 1 X 10"* M). Steady state effects occurred in 5-8 minutes; the period of perfusion used with each concentration was 10 minutes. In experiments involving a^-blockade, prazosin (1 X 10~* M) was added to the bath after the control period. Perfusion with prazosin, alone, was maintained for 20 minutes before phenylephrine exposure and then was continued, with phenylephrine, throughout the experiment. This concentration of prazosin did not alter the spontaneous rate of beating. After exposure to the highest concentration of phenylephrine, a wash in Tyrode's was performed, and the automatic rate was again determined.
Adult rats weighing 220-400 g were anesthetized with sodium pentobarbital administered intraperitoneally. The chests were spread via a midline stemotomy, and the hearts were quickly removed and placed in cold Tyrode's solution. A portion of the right ventricular endocardium was dissected from the rest of the heart and placed in the tissue bath, as described above. Using standard techniques (Rosen et al., 1973) , we stimulated the adult tissues at a cycle length of 500 msec through Teflon-coated bipolar silver wire electrodes for 20 minutes. On discontinuation of stimulation, they attained a stable spontaneous rate and rhythm. The remainder of the protocol for the adult hearts was identical to that for the neonates.
Preparation of Muscle Cell Cultures
Under sterile conditions, hearts were removed from 2-day-old Wistar rats and placed in sterile salt solution. The atria were then trimmed away. The rrypsin dispersion protocol has been described previously (Lau et al., 1980) . Subsequently, the cells were pooled and centrifuged at 200 g for 5 minutes and were resuspended in Dulbecco's minimal essential medium (MEM) with 10% horse serum, 5 X 10~* M hypoxanthine, and 12 rriM NaHCO 3 . The cells were preplated for 40 minutes at 37°C to decrease fibroblast contamination (Blondel et al., 1971) . The muscle cells then were resuspended in MEM containing 20 ng/ml nerve growth factor (NGF) at a density of 500,000 cells/ ml (2,000 cells/mm 2 ) and plated in 60-mm petri dishes containing five 9 x 2 2 mm coverslips, each precoated with fibronectin (25 ng/mm 2 ), for 45 minutes.
Preparation of Nerves for Nerve-Muscle Cultures
After removal of the hearts from 2-day-old Wistar rats, the rest of the contents of the chest and abdominal cavities was removed. Then, the paravertebral sympathetic chains were removed, placed in sterile salt solution, and dissected free from associated tissue. The chains were incubated at 37°C in 0.125% rrypsin for 30 minutes. After this period, MEM with 10% horse serum was added to stop the trypsinization. The cells were triturated approximately 40 times and the supernatant was collected. Additional trypsin was added to the remaining tissue, which was then triturated another 20 times and finally diluted with MEM and horse serum. The supernatants from the two triturations were pooled and centrifuged at 200 g for 5 minutes.
Circulation Research/Vo/. 57, No. 3, September 1985 The pellet was resuspended in MEM with 10% horse serum and 20 ng/ml NGF and plated at a density of approximately 600 cells/mm 2 onto glass coverslips previously coated with fibronectin, as described above. We prepared nerve-muscle cultures by first plating the nerve cells and then adding freshly dissociated muscle cells 2 hours later; one nerve cell was plated for every four muscle cells plated. Although the nerve:muscle ratio at the time of plating was known, the nerve:muscle ratio after 4-5 days in culture could not be determined. For all cultures, the coverslips were transferred on day 1 to separate dishes 30 mm in diameter, and fresh media were added. The media were removed, and fresh media added again, on day 4.
Measurement of Pharmacological Responsiveness of Cultures
Each coverslip was studied in its own petri dish. Although rapid desensitization of the )9-adrenergic receptor does occur, which precludes the use of this method for studying 0-adrenergic responses (Hermsmeyer and Robinson, 1977) , the a-adrenergjc response does not undergo such desensitization (Fisher et al., 1984) . Furthermore, we found that the sensitivity to the a-agonist phenylephrine with the current method is similar to that reported with the supervision technique (Kupfer et al., 1982) .
Twenty-four hours before the experiments, the media were collected and replaced with fresh media. The next day, each coverslip, in its own petri dish, was placed on the stage of a Leitz Diavert microscope equipped with phase contrast optics. The media were maintained at 37°C with a fan heater controlled by a thermistor in the dish. A steady stream of humid 95%O2/5%CO 2 flowed over the surface of the media. The automatic rate of a region of spontaneously contracting cells was measured with a photocell coupled to a television monitor of the microscope field (Sinclair et al., 1971) . Drug administration involved injection of 0.02 ml of a 100X concentrated solution through a hole in the dish cover and then exchanging 0.15 ml of media 10 times. The number of media exchanges required to distribute a phenol red solution evenly was used to determine the number of media exchanges required for drug distribution. Cumulative concentration-response experiments were performed by exposing the cultures to phenylephrine (1 x 10" 9 M to 1 X 10" ! M) for 2 minutes at each concentration. The spontaneous rate at each concentration was determined during the 2nd minute following drug exposure to avoid transient rate changes due to the pipetting action of drug administration. Experiments in which antagonists were used required that we determine control rate, administer the antagonist, again determine the rate, and then administer phenylephrine at the concentrations mentioned above. Control experiments involved repeated vehicle administration following the same procedure. No change in spontaneous rate was seen in the vehicle controls.
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Materials
Sources: /-Phenylephrine hydrochloride, atropine sulfate, trypsin III, adenosine deaminase II, and fibronectin (Sigma Chemicals); prazosin (Pfizer); o7-propranolol (Ayerst); MEM with Hanks' salt solution (GIBCO); horse serum (KC Biological). NGF was provided by Dr. D.I. Ishii.
Statistics
All groups studied were tested for normal distributions of spontaneous rates with the D'Agostino test (Zar, 1974) . All concentration-response curves were analyzed by nested analysis of variance (Snedecor and Cochran, 1967) , and significant differences were determined at the P < 0.05 level. Differences in mean values at the P < 0.05 level were determined using the Bonferroni critical value for the modified Mest. The paired f-test (Zar, 1974) was used to determine differences between control rate and the effect of atropine or propranolol on the cultures. All values are expressed as mean ± SEM.
Results
Effects of Phenylephrine and Prazosin on Intact Tissue Automaticity
Adult Rat
We first asked whether the negative chronotropic effect of a-adrenergic stimulation previously observed in canine Purkinje fibers (Rosen et al., 1977; Posner et al., 1976 ) also occurred in adult rat ventricle. Phenylephrine induced a concentration-dependent decrease in rate in adult muscle, as shown in Figure 1A . The maximum negative chronotropic effect occurred at a concentration of 1 X 10~8 M, at which the spontaneous rate was 13 ± 4 beats/min, compared to the control rate of 36 ± 8 beats/min. In the presence of prazosin (1 X 10~* M), no concentration of phenylephrine significantly decreased the rate from the control value (39 ± 7 beats/min). To confirm that the increase in rate induced by phenylephrine (1 X 10~* M) in the presence of prazosin was /S-mediated, we conducted an additional protocol in the six hearts treated with prazosin. After completing the concentration-response curve, in the continued presence of prazosin, we first washed out the phenylephrine (rate returned to 39 ± 8 beats/ min) and then added phenylephrine (1 X 10~6 M) and propranolol (1 X 10~7 M), simultaneously. The rate no longer increased (40 ± 11 beats/min). Finally, the phenylephrine and propranolol again were washed out (39 ± 1 1 beats/min) and phenylephrine (1 x 10"*) alone was added. This increased the rate to 46 ± 13 beats/min, P < 0.05, demonstrating that the tissue was still capable of responding to phenylephrine after the extended drug regimen.
Neonatal Rat
In contrast to the adult rat ventricle, the neonatal ventricle exhibited a positive chronotropic response to all concentrations of phenylephrine. At a concentration of 1 X 10" 8 M, the rate increased to 168 ± 11 from a control rate of 115 ± 12 beats/min (Fig. IB) .
Phenylephrine Concentration (Log Molar) FIGURE 1. Chronotropic response of spontaneously beating intact rat ventricular muscle to increasing concentrations of the a-agonist phenylephrine. Panel A adult rat ventricular muscle exhibits a concentration-dependent decrease in rate in response to phenylephrine (O) which is blocked by the ai-antagonist prazosin (1 x 1CT 6 M) (•). The increase in rate seen in response to phenylephrine (1 x I(T* M* can be attenuated with the ^-antagonist propranolol (1 x 10~7 M) (see Results). Panel B: neonatal rat ventricular muscle exhibits a concentration-dependent increase in rate in response to phenylephrine (O) which is reversed with prazosin (1 x I0~* M> (•). * indicates significant differences (P < 0.05) in rate in response to phenylephrine compared to control, n = 6 for both adult muscle groups; n = 9 for neonate without prazosin and n = 7 for neonate with prazosin.
In the presence of prazosin (10~* M), this concentration of phenylephrine failed to significantly increase the rate from the control value of 98 ± 17 beats/ min.
Development of Innervation in Vitro
To demonstrate that functional adrenergic neurons were present in the nerve-muscle cultures, we assayed the media from both nerve-muscle cultures and plain muscle cultures for dopamine, epinephrine, and norepinephrine. Table 1 summarizes the catecholamine levels in the muscle cultures and the nerve-muscle cultures as a function of day in culture. Although all three catecholamines were elevated in the nerve-muscle cultures, compared with the mus- 18 ± 4 24 ± 4 l ± l f 210±40*t 98±31*t 54 ±20 n = 5 in each case (mean ± SEM).
• P < 0.05 compared to corresponding muscle cultures. f P ^ 0.05 compared to catecholamine level on day 2.
cle cultures, the most dramatic difference was observed in the norepinephrine levels. Nerve-muscle cultures exhibited an increase from 57 ± 4 pg/ml on day 2 to 210 ± 40 pg/ml on day 5. In contrast to the nerve-muscle cultures, norepinephrine levels did not exceed 25 ± 8 pg/ml during the first 5 days in pure muscle cultures. Epinephrine and dopamine also exhibited a time-dependent increase in the nerve-muscle cultures (Table 1 ). The former remained low in the control muscle cultures, whereas the latter decreased significantly. We next exposed day 4 and 5 cultures to tyramine (1 X 10~* M) to determine whether sufficient norepinephrine could be released to affect the spontaneous rate of the muscle cells in the nerve-muscle cultures. Figure 2 depicts a strip chart recording of the effect of tyramine on spontaneous rate in muscle and nerve-muscle cultures. The spontaneous rate of the muscle culture was not altered by tyramine. In contrast, the rate of the nerve-muscle culture increased from 69-92 beats/min. Although the magnitude of the increase in rate varied from culture to culture, 53% of the 45 nerve-muscle cultures exposed to tyramine demonstrated an increase in rate, whereas there was no increase in rate in any of the 40 non-innervated muscle cultures tested. Figure 3 is a photomicrograph of a day 4 culture of muscle cells and dispersed sympathetic nerve cells. At this age, there are isolated regions with few or no neurons present, and other regions where multiple neuronal endings terminate. As demonstrated in this micrograph, we frequently observed bifurcation of axons just proximal to their termination on muscle cells. A similar pattern of axon termination has been reported in cultures of neonatal rat ventricle cells grown in the presence of explanted sympathetic ganglia (Marvin et al., 1984) . For the pharmacological studies of nerve-muscle cultures described below, we selected muscle cells that appeared heavily innervated, based on the presence of bifurcating axonal terminations as in Figure 3 .
Homogeneity of Nerve-Muscle Cultures
Effect of Phenylephrine on Spontaneous Rate of Muscle and Nerve-Muscle Cultures
Having confirmed the presence of releasable catecholamines in day 4 and 5 nerve-muscle cultures, we next compared the response of nerve-muscle cultures and pure muscle cultures of this age to phenylephrine. Figure 4 demonstrates the effect of two concentrations: 1 X 10~8 M, which had induced 
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the maximum negative chronotropic response in adult rat ventricle, and 1 X 10 M, which had induced a /9-mediated positive chronotropic response in the adult rat. In the muscle culture, rate increased from 60-78 beats/min in response to 1 X 10~8 M phenylephrine; a concentration of 1 X 10~6 M further increased the rate to 96 beats/min. In contrast, the nerve-muscle culture responded to 1 X 10~8 M phenylephrine with a decrease in rate from 66-58 beats/min. Phenylephrine (1 X 10~6 M) increased the rate to above the control level, presumably due to /J-receptor activation.
To confirm that the positive chronotropic response of non-innervated muscle cultures was a-mediated, we performed phenylephrine concentration-response curves in the presence and absence of prazosin. Phenylephrine induced a concentration-dependent increase in spontaneous rate in the pure muscle cultures, whereas pre-exposure to prazosin (1 X 10~* M) depressed the positive chronotropic effect (Fig. 5) .
Additional studies of the cultures suggested that the nerve-muscle cultures possess both parasympathetic and sympathetic tone. The muscarinic blocker, atropine (1 X 10~7 M), increased the spontaneous rate from 54 ± 6 to 60 ± 6 beats/min (n = 16, P < 0.05); propranolol (1 X 10~7 M) decreased spontaneous rate from 60 ± 6 to 56 ± 8 beats/min (« = 16, P < 0.05). In contrast, pure muscle cultures showed no response to either antagonist. Therefore, to eliminate the possibility that phenylephrine was acting pre-synaptically in the nerve-muscle cultures to cause the release of acetylcholine (resulting in muscarinic slowing of the rate), the response of nerve-muscle cultures to phenylephrine was measured in the presence of atropine (1 X 10~7 M). Propranolol (1 X 10~7 M) also was added to eliminate the possibility that the negative chronotropic re- sponse was due to a phenylephrine-induced decrease of spontaneous norepinephrine release from adrenergjc neurons, which then might act at the myocardial /J-adrenergic receptor. Figure 6 demonstrates the different chronotropic responses of muscle and nerve-muscle cultures to phenylephrine (1 X 10" 8 M), and also illustrates the effects of the added antagonists. All of the pure muscle cultures responded to phenylphrine with an increase in rate, both in the absence and presence of atropine and propranolol. In contrast, 60% of the nerve-muscle cultures showed a decrease in rate in Circulation Research/VoZ. 57, No. 3, September 1985 response to phenylephrine. In the presence of atropine, alone, 66% of the nerve-musde cultures showed a decrease in rate in response to phenylephrine (« = 16; data not shown). This eliminated muscarinic slowing as a possible mechanism. In the presence of both atropine and propranolol, 63% of the nerve-muscle cultures responded to phenylephrine (1 X 10~8 M) with a decrease in rate. A third neurotransmitter, adenosine or a phosphorylated derivative, which could have been responsible for the observed decrease in rate, was also eliminated as a possible mediator. In the presence of adenosine deaminase (10 U/ml), atropine, and propranolol, 75% of the nerve-muscle cultures showed a decrease in rate (n = 20; data not shown).
EFFECT OF PHENYLEPHRINE ON CULTURES
CONTROL
Besides highlighting the dramatic differences between the muscle and nerve-muscle cultures, Figure  6 suggested that responses of the innervated cultures consisted of two populations. Therefore, we divided the nerve-musde cultures into two groups, based on whether or not they responded to phenylephrine (1 X 10~8 M) with a decrease in rate. The D'Agostino test for normality was used to determine that the nerve-muscle cultures, which were normally distributed during control, no longer were normally distributed when exposed to phenylephrine (1 X 10~8 M). However, after the nerve-muscle cultures had been separated into two groups on the basis of whether they exhibited a negative chronotropic response to phenylephrine (1 X 10" 8 M), each subpopulation was normally distributed. Figure 7 shows complete concentration-response curves for the nerve-muscle chronotropic response to phenylephrine in the presence of atropine (1 X 10~7 M) and propranolol (1 X 10~7 M). AS described in the preceding paragraph, the nerve-musde cultures were divided into two groups based on whether or not they responded to phenylephrine (1 X 10 8 M) with a decrease in rate; 63% of the cultures responded to that concentration of phenylephrine with a decrease in rate, from 46 ± 3 to 35 ± 3 beats/ min. The remaining 37% responded with an increase in rate from 46 ± 5 to 57 ± 6 beats/min. Nervemuscle cultures exposed to increasing concentrations of phenylephrine in the presence of prazosin (1 X 10~6 M), atropine (1 X 10 M), and propranolol (1 X 10~7 M) showed no change in rate.
Since the norepinephrine concentration is significantly elevated in the medium of some nerve-muscle cultures, we considered the possibility that norepinephrine was the neurotrophic agent responsible for modifying the a-adrenergic response. We investigated the relationship between the norepinephrine levels in 18 nerve-musde cultures and the change in rate from control in response to phenylephrine (1 X 10~8 M). TWO methods were used to perform these experiments (Table 2) . In nine experiments, we collected media on day 4 for the norepinephrine assay. Fresh media were added, and later that day pharmacological testing was performed. In this way, we were able to determine the cumulative norepinephrine levels to which the culture had been exposed by day 4, and relate this to the response to phenylephrine. To assess more accurately the level of norepinephrine at the time of the experiment in the other nine cultures, we removed the old media and added fresh media on day 4, as above, and then collected a sample of fresh media immediately before adding the phenylephrine. With neither method was there a statistical correlation (correlation coefficient of less than 0.01) between norepinephrine level and the a-adrenergic response (Table 2) .
Discussion
The similar time course for the ontogeny of functional innervation and the changes in cardiac autonomic responsiveness of the developing organism have suggested that the onset of innervation might mediate these changes (Pappano, 1977) . Previous attempts to investigate the role of innervation in the development of cardiac autonomic responsiveness have relied on chemical destruction of neurons (Vd: mada et al., 1980) Of premature formation of neuronal synapses (Lau and Slotkin> 1979) in the intact animal. Using eell culture* We werg able to study the contribution of nerves ifl isolation from confounding factors in the intact animal.
The developmental immaturity and lack of functional cardiac innervation in the newborn rat has been well documented (Pappano, 1977; Standen, 1978; Iipp and Rudolph, 1982) . We confirmed that neonatal rat myocardial cultures exhibit a positive chronotropic response to a-stimulatiOn with phenylephrine, and that this is antagonized by the avspecific antagonist prazosin. Our studies confirm the presence of functional sympathetic neurons in the nerve-muscle cultures. Evidence for this is provided by the assays of catecholamine level; whkh increased considerably by day 4 in culture) and by the ability of tyramine (I X 10"* to) to elicit a change in spontaneous rate in day 4 nerve-muscle cultures. In contrast, pure muscle cultures fail to respond to tyramine or to show increases in catecholamine levels; dopamine levels decreased significantly by days 4 and 5. Further evidence of functional Contact between nerve and muscle cells in these cultures ha § been demonstrated previously, both electrophysiologically and ultrastructurally (Robinson, 1985) .
The addition of sympathetic neurons to neonatal myocytes in co-culture resulted in the development of a negative chronotropic response to phenylephrine, similar to that observed in intact Ventricle from adult rat. Furthermore, we did not observe any example of a negative chronotropic response to phenylephrine in the more than 60 non-innervated muscle cultures studied.
The response to phenylephrine was studied in the presence of various antagonists to determine whether the negative chronotropy might be presynaptically mediated. It has been reported that adrenergic neurons may become partially chollnergic when cultured with nonneuronal cells, Le>> myocardial cells and fibroblasts (Furshpan et al. > mechanisms responsible for a-adler >was seen am (Cultures only after 2 weeks. Our studies sveie done on iceHs final had been in cuJtuie >for 4-5 days, inhereiiore, it seemed omMkely tint a piaiinergk neurotramsEoitter w/<as responsible for ihe nesponse. Nevertheless, we ttlt;ad\4flalj'le to test the possibility of a purife fflefihanism, and .did this with adenosine de-. We demoflfltrated ithat the Tiegative tchron-; ieSp&OSe <of snerwe-iHascle ouJtures to phenrpeffilsHed In She presence of adenosine , •Ftirthefflnots, both the negative and posof merve-iiuiscle culaeuylepiiriae -were pieveijied by iihe a%_ _ _ fittggestiqg fliat any pre-synapjle atMadJS of pkASySegidiiine would have to be via aeaaoreJakely. i awd ff*«9iiH*@ef, 1977). persisted in sfeowifig afl «-adr-eaexgic mcsease in rate, ^aflier than a decrease Ml Cftte, is linclear. it may deffeiad on variafions in merve density, and, therei6ie,-c6Sc€8toation of any conditioning agents in the bulk Hiedk±in {s §S bdow). Altemafiwely, tiiis increase may result from the* loflowing factors. Tlie nerve cells were dispersed Shnragfle'iit Sie culture, sending out processes that iermuiated on some HIUSde cells (Kg. 3), but leaving o&er nmsde <3el!s apparently non-imnervated. Although muscle cells selected for stody appealed to be innervated, upon visual inspection, we could not be certain of the presence of functional synapses in all instances. FuBitUier, ai any particular instance, we oould not kfibw" flie degree of apposition of any synapses formed with the actual pacemaker cell within a c^s6ga6us y synchronous sheet of automatic myocytes.
We have previously considered the cellular eleci//19 §4$. fo staBfliarize fhe earlier studies, ifi<? a&tMtiti of ^t-adienergic" amines induces either a decrease (t6t Ohe negative chronotropk effect) or an increase {for tfie* positive chronotropic effect) in the slope of phase 4 depolarization. No changes in maximum diastolic potential of threshold potential were seem. Posner et aL (1976) reported on the negative chitonolropic effects of epinephrulC/ and correlated these ivilh a decrease in IC 1 " flux across &e membrane. One report of a-adrenergic effects on pacemaker currents has been inconclusive (Hauswfctfo et aL, 1976) . Hence, it appears reasonable to uelate &e «-adrenergk effects on chronotropy to an alteration in phase 4 depolarization, in association 4tfi£b changes in IC" permeability of the membrane. t l jnechamism by which the addition of symi neurons to cultured myocardial cells ffafi ja-adrenerac response in most cells remains fas be determined. It is possible tihsft. aie eil&t& is diemically >rattiiafa»H Norepinephrine, Ihe level <rf i^ach varies from culture to culture, has been repotted to modify postsynaptic j3-ireoeptors; chronic ejqxjsure to ^-agonists causes subsensMviiy ^Heimsmeyer and Robinson, 1977; Tse et al y 1979; YaniaguduetaL y 1981) , whereas reduction of sjfflpaihetk: input TesuUs *m supersensitivity (GlaxMgeretdL, 1978; Yamada et aL, 1980; Lau and Slolian, 1982) ; T-o determine whether norepinephrine in the culture media modulated the a-receptor response to phenyiepltt&ie., we measured norepinephrine levels in the nerve-muscle cultures before testing them pharmacologically (Table 2) . We found no correlation between the norepinephrine level in a particular nerve-musde culture and the presence or magnitude of the chronotropic response to aadreneigic stimulation. Other bulk factors, the levels of which may fluctuate among cultures, may also be responsible for modifying the a-chronotropic response. Variations in local release of a conditioning factor provide another possibility.
in conclusion, we have used a cell culture preparation to elucidate the direct effects of innovation on aatononuc responsiveness in the ventricular myocardial oelL Our data demonstrate that the addition of sympathetic neurons to cultured neonatal myocytes converts the a-response from an increase in nie to a decrease in rate, indicating that the ontogeny of innervation in vivo contributes to the observed conversion of the a-adrenergic response from positive to negative chronotropy during development. These results have the following important implications: first, they demonstrate that, in the postnatal period, the development of innervation has, in addition to its previously demonstrated physiological effects, the ability to change the qualitative response to a-adrenergic receptor stimulation of the heart. Since sympathetic and parasympathetic stim-ulation are important modulators of cardiac rate and rhythm, the type of change we describe (from excitatory to inhibitory) might have an important antiarrythmic role. Moreover, the failure of such changes to occur in normal fashion (a variability in the aforementioned changes) may contribute to arrythmogenesis. A second question raised by our Tesults is whether-if innervation, once established, is removed-the response to a-adrenergic stimulation again becomes excitatory. Such an event would have important implications with respect to myocardial infarction, where nerve death can occur, and to cardiac transplantations.
